in July 1921. D uring those years of steady work he evidently learned to spend his energies to best advantage. O ften he felt too tired to read in the evenings. It tu rn ed out that his heart had been dam aged. Sir Jam es M ackenzie gave him a D elphic prognosis: 'take care of your heart, and it will last you as long as you need it'. In old age he recalled th at Lady O sier once said to him: 'you look like a lazy m an to m e'. But no one who was close to him , and knew how m uch work he got through, could have so m isread his calm m anner, his economy of m ovem ent, and his deliberate pace.
com posed like a sandw ich, of coincident tiers of different m aterials: facts, thoughts for research and general philosophical reflections'. A year before he qualified in m edicine he had a tentative offer of a R esearch Fellow ship at T rin ity , com bined w ith an offer of an assistantship from Sherrington. T hese appointm ents he took up in O ctober 1921.
H e was m arried in 1923 to (Constance) Joan (M itford) Rogers, daughter of D r B. M . H . Rogers of Bristol. T h ey had three sons and one daughter.
S c i e n t i f i c w o r k
L iddell's duties as S h errin g to n 's assistant were of two kinds. T h e first was to collaborate in experim ents. S herrin g to n was P resident of the Royal Society from 1920 to 1925, and had to spend m uch tim e in L ondon, som etim es m aking the double jo u rn ey from O xford twice in one day (50); m uch of the responsibility for setting up the experim ents and analysing their results m ust therefore have been L id d ell's. U ntil 1926 he was S herrin g to n 's sole collaborator in research. Second, L iddell had, throughout the 1920s, the special responsibility of initiating into research the visitors from laboratories overseas, and for helping them to acquire the surgical and experim ental skills of w hich he and Sherrington were m asters. From 1925 to 1930 the quantitative m yographic and electrom yographic approach to the neuronal basis of reflex activity offered plenty of scope for fruitful collaboration w ith Liddell. H e won the enduring respect of the visitors and acquired in this way a considerable international following. H is literary style is evident in all th eir conjoint publications. J. F. F ulton w rote in the preface to his book (1926) : 'T o my collaborator and friend, E. G . T . L iddell, I am indebted in countless ways. H is exceptional operative skill has m ade possible a degree of accuracy and success, in our jo in t investigations, w hich could never otherw ise have been attained, and in addition this work has benefited throughout by his judicious criticism .' A lifelong friendship w ith Ragnar G ran it began in 1928, and w ith G rayson P. M cC ouch in 1933 (see 28). Years later, at L id d ell's eightieth birth d ay dinner, D . D enny-B row n spoke w arm ly of their collaboration and friendship.
Background
Because L iddell's first steps in research were taken in S h errin g to n 's com pany, it is fair, w hen surveying the younger m an 's scientific achieve m ent, to begin by outlining the position th at S h errin g to n 's work had reached w hen it was partly interrupted by the move from Liverpool to O xford, and by W orld W ar I, and to notice the new direction in which he was already steering it w hen Liddell joined him in 1921. H e was m oving away from the study of reflexes as item s of purposive behaviour and tow ards a m ore rigorous analysis of the neuronal basis of th eir physio logical p roduction and execution.
H is experim ents at Liverpool had defined the elem ental properties of reflex action: central sum m ation of sublim inal volleys of nerve-im pulses entering the spinal cord th ro u g h o u t a latent period m easured som etim es in seconds; local sign; reciprocal innervation; after-discharge; and in hibition by a prepotent in tercu rren t reflex. H e had discovered that reflex inhibition in vertebrates is a central process, not a peripheral one as in the lo b ster's claw. H e had proved th at these elem ental properties depended on the integrity of the spinal grey m atter, and postulated th at they were conferred by the intercellular m em brane contacts th at he had nam ed synapses.
H is analysis of the elem ental synaptic m echanism s had begun by isolating, in the decerebrate-spinal cat, a single flexor m uscle of the hindlim b, preserving its nerve and blood supplies; clam ping its bony origins rigidly to the experim ental table; attaching its tendon to a m yograph; and m easuring its reflex contractions in response to single afferent volleys excited by graded electrical stim uli to the central end of a nerve in the same hindlim b ('reflex tw itch '). T hese contractions were com pared w ith those evoked by single efferent volleys in the m otor nerve ('m otor tw itch '). O ther m uscles whose contractions w ould have dis tu rb ed the recording were denervated or detached by tenotom y. T h e total reflex p attern was thus ignored in the interests of the elem ental analysis. T h e afferent volleys w ere adm ittedly im pure; the shocks co-stim ulated axons of different provenance and conflicting functional categories, w hich excited a clash of reflexes, concealed beneath and overridden by the prepotent flexion reflex. T h e m ethod nevertheless yielded brilliant, clearcut results, and continued fertile for m any years. T h e first experim ents m easured the am plitudes only of the tw itches, w ith a spring-loaded isotonic m yograph w riting on a stationary sm oked dru m (S herrington & Sowton 1915) . A ttem pts were next m ade to record their tim e-course w ith an isom etric torsion-w ire m yograph w riting on a revolving drum (Sassa & S herrington 1921) .
T o draw , from m yogram s, reliable conclusions about neuronal and synaptic events, m ore accurate records of the tw itches were needed. In M ay 1921, shortly before Liddell joined him , S herrington com pleted a series of pilot experim ents w ith his newly invented isom etric torsion-w ire optical m yograph. 'T h e technique has been considerably modified in the hope of securing finer discrim ination betw een the contraction forms obtained. T h e speed and intensity of the reactions of m am m alian muscle w ith its blood supply intact rendered desirable greater lightness in the moving parts of the m yograph ' (S herrington 1921) . T h e free vibration frequency was over 900 Hz, dam ped in 30 ms. T h e m ovem ent, recorded by a shadow cast on the slit of a falling-plate camera, was magnified x 60. T h u s, a cat's tibialis anterior muscle 12 cm in length, developing 915 g tension recorded by a deflexion of 30 m m on the photographic plate, was allowed to shorten by only 2 4 0 °f its length. T hese beautiful isom etric optical records showed clearly the greater am plitude and longer tim ecourse of the m axim al reflex com pared w ith the maximal m otor tw itch. T hey provided Sherrington w ith evidence of a 'charge' process w ithin the spinal grey m atter, 'relatively long-lasting in com parison w ith the cycle of a nerve im pulse, a process w hich is m ore intense and of longer duration w hen the afferent fibres excited are m any than w hen they are few er'. T h e m yograph of 1921 was a technical innovation of unprecedented p re cision, ripe for the solution of problem s on w hich Sherrington had been w orking w ith m uch cruder instrum ents for a q u arter of a century. Its frictional artefacts ('plateau' and 'angle' (Eccles & Sherrington 1929; C ooper & Eccles 1929) ) were not invoked as physiological phenom ena and led, during the period 1921-26, to no errors of interpretation.
Central excitation and inhibition
Liddell & S herrin g to n 's first experim ents (1-3, 6) com pared the decerebrate crossed extension reflex, w ith its longer pathw ay through the spinal cord, w ith the less com plex spinal flexion reflex, and introduced into the analysis the use of repetitive afferent nerve-volleys at frequencies controllable up to 220 Hz. F rom the outset, inhibitory as well as excitatory reflex actions were treated w ith equal em phasis.
In the spinal preparation, the flexor reflex tetani evoked by afferent volleys from the same leg registered the frequency of stim ulation alm ost as clearly as did the m otor nerve tetani at the same frequencies. In either, excision of a single pulse from the train of stim uli caused a sim ilar dip in the m yogram . T h e central pathw ay of the excitatory reflex was therefore fairly direct. In an extensor m uscle in the decerebrate preparation, the rhythm of afferent volleys in a nerve of the opposite leg was blurred almost com pletely in the m yogram (1). T h is crossed-extensor pathw ay was evidently m uch more complex. T h e ab ru p t onset of the flexion reflex--its 'd 'em blee' character-contrasted w ith the 'recru itin g ' onset of the crossed extensor reflex (3). T h e latter showed a slow ascent to its plateau of tension: 20-40 tim es longer than that of the m otor-nerve tetanus (2). T h e possibility was considered that this prolonged recru it m ent of m otor neurones involved 'interplay betw een the spinal centres and the h in d b rain ' (2); but, in preparations decerebrated 2-9 days after aseptic section of the cord, in which the crossed extensor reflexes had partly recovered from the acute effects of spinal section, the rise of tension occupied 1.3-9.0 s, proving that p art at least of the recruitm ent process was w ithin the spinal cord (3). T h e blurring of stim ulus rhythm at subtetanic frequencies of stim ulation would have been due either to the m otoneurones' being driven to discharge at frequencies in excess of 90 Hz, that is, in excess of the fusion frequency of a m otor tetanus, or to their discharging grossly asynchronously at lower frequencies (2). W ithout electrom yography, L iddell & Sherrington could not decide betw een these hypotheses. In addition to showing recruitm ent, the crossed extensor reflex continued after the cessation of stim ulation: 'after discharge' (2). In the flexion reflex, no recruitm ent was seen in the m yogram s (or was 'too slight to allow unequivocal statem ent of it'). T h u s the n u m b er of m otor neurones engaged initially was either m aintained or m ight even decline a little (2).
T h e crossed extensor reflex was inhibited by afferent volleys from the leg containing the sam pled extensor muscle. T h e effect of such in te r curren t inhibition of the reflex was contrasted w ith the effect of excising a few afferent volleys from the excitatory input from the opposite leg. T h is excision caused only a slight dip in the m yogram . Inhibition caused a m uch larger reduction in reflex o u tp u t-even com plete suppressionfollowed by a 're b o u n d ' of increased reflex discharge when the inhibitory volleys were discontinued (1). 'T h ere is in the crossed decerebrate reflex of Q uadriceps extensor, so to say, a m om entum of reaction-illustrated also by the prolonged after-discharge characteristic of this reflex-which tends to obliterate the stim ulus rhythm , and even coarse fluctuations of that rhythm . But com parison of the effect of transient interm ission of such stim uli w ith that of transient reflex inhibition shows that the latter not only renders im potent the centripetal im pulses, bu t unlike the form er, controls and can suppress the central m om entum of the reflex' (1). Inhibition is m ore pow erful in quenching after-discharge than in suppressing the reflex during the stim ulation period. Liddell & Sherring ton concluded that the reflex inhibition acted at a locus in the reflex arc that lay dow nstream of the locus of the processes responsible for 'recru itm ent' and 'm om entum ' (2, 6). Inhibitory action, like excitatory action, was found to be graded and 'recruiting'.
Reflex inhibition of an extensor muscle showing decerebrate rigidity was examined by delivering inhibitory nerve-volleys at a fixed frequency bu t w ith the stim ulating pulses graded in strength. T h e tonic contraction could be totally inhibited in 2.25 s by 9 larger volleys or in 21.5 s by 86 smaller volleys.
These four papers (1-3, 6) laid the foundations of the later work of the Sherrington school, which established the existence of graded central excitatory and inhibitory states (c.e.s and c.i.s.) in the spinal cord, and docum ented their algebraic sum m ation when pitted against one another at convergence points in reflex arcs. These experim ents pushed the neuronal analysis to the limits set by quantitative myography as the sole detector of reflex output.
Electrom yography was first applied to the comparison of flexion and crossed extensor reflexes in the spinal and decerebrate states by Cooper & A drian (1924) in Cam bridge. In the flexion reflex the stim ulus rhythm was reflected in a regular series of 'prim ary waves' with small 'secondary waves' in the troughs betw een them . In the crossed extensor, prim ary waves were often undetectable, the records showing only 'secondary waves' w ith no definite rhythm . F ulton & Liddell (7) were the first to exploit the enorm ously m ore pow erful com bination of electrom yography (string galvanom eter) w ith quantitative m yography, w hich thenceforth became the standard practice of the O xford school. U sing belly-tendon electrodes they confirm ed C ooper & A drian's results from the decerebrate quad riceps muscle. T o elim inate the possible com plicating effects of reafference from the contracting m uscle, they cut the appropriate dorsal roots (instead of injecting N ovocaine into the m uscle as C ooper & A drian had done). Prim ary waves were recorded d uring the initial part of the response to contralateral excitatory volleys at 18.5 Hz; these were then swam ped by secondary waves as the response progressed. Fulton & Liddell also recorded an 'inhibitory rh y th m ', b u t this they ascribed to a concealed, increm enting, ipsilateral extensor reflex that was uninhibitable by the ipsilateral nerve-volleys.
T h e year 1925 was one of unusually intense intellectual ferm ent in the laboratory. S herrington disappeared for a fortnight and retu rn ed w ith the m anuscript of a m ajor paper (S herrington 1925; D enny-B row n 1980). He was dissatisfied w ith A drian's explanation of central inhibition in term s of interference betw een nerve im pulses (W edensky inhibition), and of F orbes's explanation of prolonged central nervous phenom ena in term s of nerve-im pulses travelling in 'delay p ath s'. T h e paper reviewed the results of 39 papers published in the previous 25 years, culm inating in those w ith Liddell (1-3, 6), and set forth the difficulties raised for such explanations by the fundam ental reflex phenom ena-recruitm ent, m om entum , after-discharge, inhibition-that he and Liddell had ana lysed w ith unprecedentedly quantitative precision. H e proposed an alternative theory of specific excitatory and inhibitory agents. T h e evidence was necessarily indirect: its 'weakness lies adm ittedly in its assum ption of the existence of an agent sim ply as inferred from reactions of which that agent could be the cause'; 'whose existence lies outside the intrinsic properties of pure nerve fibre and w ith a, so-to-say, more chemical mode of origin and function than the nerve im pulse per se\ He defined recruitm ent as 'the activation of additional m otor u n its' from the 'collection of the " m otor u n its'" ; 'the term " m otor u n it'' includes, together w ith the m uscle-fibres innervated by the unit, the whole axon of the m otoneurone from its hillock in the perikaryon down to its term inals in the m uscles'. R ecruitm ent, m om entum and after-discharge would be the products of am ounts or concentrations of an excitatory substance E. Inhibition would be the result of 'a state or agent', I, 'which produces lessening or total disappearance of E . . . an active acceleration of the spontaneous dissipation of an exciting agent or state'. T h e experim ental data compelled the conclusion that I 'does not draw its source directly from a co-existent state of excitation. It does not arise from something furnished by the state of excitation or by the exciting agent. T o establish it the co-existence of excitation or of the excitatory agent is not necessary'. 'Like E its quantity or concentration after cessation of the stim ulus of the inhibitory afferent, autom atically subsides or deconcen trates.' Reflex outcom e results from 'an algebraic sum m ation of E and I '. Sherrington concluded: 'Synapses and perikarya are always in the grey m atter; and the contrast betw een grey m a tte r's wealth of blood supply and white m a tte r's poverty in that respect allows the inference that a chemical activity of nervous function exists in the form er w hich is lacking in the latter, dealing as this latter does virtually w ith nerve-fibre reactions alone.' It m ight be objected that the scheme 'reduces the afferent neurone-fibre, and the axons of the dow n-stream neurones on which it acts, to somewhat the character of secretory nerves. T his, however, would be b u t in accord w ith recent evidence of a so-called hum oral view (Howell, Loewi, Brinkm an) 'of the nervous production of peripheral excitation and inhibition'.
These ideas m ust have been m uch discussed in the laboratory, and Liddell developed them in his unpublished D .M . thesis, entitled The excitatory and inhibitory states in reflex activity, dated 4 June 1926. First he presented im portant new experim ents w ith L. Ballif and J. F. Fulton (9) that had not been published when Sherrington w rote his discussion of 1925. These experim ents proved that a single volley of afferent impulses could set up a prolonged inhibitory state in the spinal cord. T h e knee-jerk was evoked in acutely spinal cats by a 'n atu ral' stim ulus, a tap on the tendon that probably elicited a single afferent nerve-volley. Sim ultaneous electrical and m yographic records were made from the quadriceps muscle. A single inhibitory afferent volley, preceding the tendon tap, could suppress the jerk completely, w ith gradual recovery in 3-4 s. Curves of this recovery (am plitude of jerk plotted against tim e from inhibitory volley) traced the tim e-course of the central inhibitory process: faster recovery from smaller volleys, slower recovery from larger. T he curves represent 'at any instant the num ber of central nerve-units which have " awakened" from the inhibition'. Such long-lasting depression 'would seem to preclude the possibility that this inhibition is a condition resulting from a W edensky type of interference, for it continues to exist quite independently of any excitatory process. These observations, moreover, dem and that the inhibitory state should be a long-lasting phenom enon, brought about by the rapid form ation and gradual dis sipation of actively-depressant qualities (" inhibitory substance" ) and would, therefore, harmonize with the view of inhibition put forward by Sherrington.' T he second chapter, 'Excitation and inhibition in " recruit m en t" reflexes', presents the results of the experim ents with Sherrington, to which he could add the results of experim ents with Denny-Brown, at that time unpublished, on reflex responses of the forelimb muscle, supraspinatus (10, 11). T he third, 'A review of the hum oral theory of excitation and inhib itio n ', is a scholarly review of literature extending from the brothers W eber, through Gaskell, to L oew i's Vagusstoff and Acceleransstoff, then very recently published. T h e final chapter, 'C oncerning the hum oral theory applied to interneuronic loci', shows that excitatory and inhibitory actions th at are prolonged beyond the cessation of any afferent input are m ore plausibly explained by the theory of excitatory and inhibitory 'stuffs' than by the alternative theories. T h u s, an after-discharge lasting 15s before being halted w ould be m ore readily explained by dissipation of an initial accum ulation of 'E -stuff' at 'in ter neuronic loci' than by a circus m ovem ent of im pulses in delay paths. W ith a conduction velocity of 120 m s~1 (not, at th at tim e, an im plausible value), the circulating im pulses w ould have travelled 1.8 km. T h e chapter ends w ith a critical review of the then state of controversy about w hether there is protoplasm ic and neurofibrillar continuity betw een neurones (Bethe), or w hether there is discontinuity (R am on y Cajal), w hich w ould favour the hum oral theory. It seems surprising th at these two chapters were never published.
T h o u g h S herrington did not retire until 1935, the work of the O xford School on the fundam ental properties of reflex action reached its culm ination in 1932 w ith the publication of the classic m onograph Reflex activity of the spinal cord (26). T h is included the results of the eight final papers published by Eccles & S herrington in 1930-31 . T h e authors were C reed, D enny-B row n, Eccles, L iddell and Sherrington. L id d ell's special editorial role was thus acknowledged in a postscript to the preface: 'T h e thanks of his fellow collaborators are gratefully given to th eir colleague, E .G .T .L . for his care, at the cost of m uch tim e and trouble, in assem bling and adjusting contributions w ritten som ew hat individually for final incorporation in the te x t.'
The tonic stretch reflex
T h e rem aining two papers published conjointly by Liddell & Sherrington described their classical experim ents on the tonic stretch reflex or 'm yotatic reflex ' (4, 5) . In contrast to the knee jerks and clonus also shown by the decerebrate quadriceps, 'the reflex under consideration here is tetanic and prolonged'. F or these experim ents, the table-top to w hich the bony origins of quadriceps were clam ped was m ounted on a hydraulic system that could be lowered at controlled rates over m easured distances; the muscle was vertical, w ith its tendon attached to the stationary m yograph above it, so it was subjected to w hat we now call ram p stretches. T hese lengthenings of the muscle were related q u an ti tatively to corresponding join t angles, m easured from M arey's cinem atographic records of natural m ovem ents. Reflex contraction was evoked by as little as 0.8% lengthening of the muscle, w ith a latency less than 20 ms. Stretches as slow as 5 m m in 6 s were as effective as more rapid stretches. T h e reflex plateau was well sustained, and there was little or no after-discharge. If one portion of the m uscle only was stretched, the response was lim ited to that portion. In tercu rren t inhibition by afferent volleys in an ipsilateral nerve reduced the response to zero, followed by post-inhibitory rebound. T h e contribution of passive muscle properties to the m yographic record was m easured by stretching the muscle after cutting the m otor nerve or dorsal roots. T h e im portance of the reflex in the m aintenance of antigravity posture was m ade clear; the quantity of reflex contraction could be varied by altering the position of the head (labyrinthine and neck reflexes).
In te rc u rre n t inhibition set up by electrically evoked volleys in a mixed nerve excites conflicting reflexes, and post-inhibitory rebound is p ro b ably an escape of concealed excitation. Special attention was therefore given to the inhibition of the stretch reflex by a physiologically pure stim ulus, nam ely stretch of the antagonistic knee flexor muscles (5). It was once believed that strychnine converts inhibition into excitation. But in this example of a pure inhibitory reflex, strychnine did not reverse the effect. T h e action of strychnine as revealed by m ixtures of reflexes was therefore on the balance of excitatory and inhibitory mechanism s, and was not a reversal of the elem ental inhibitory process.
A pplying the com bined m yographic and electrom yographic technique to the stretch reflex 'augm ented by a two-valve amplifier which D r H . S. G asser very kindly designed for u s', F ulton & Liddell found that the discharge of the m otoneurones was asynchronous, and concluded that the afferent bom bardm ent m ust also be asynchronous. T h e small erratic electrical responses in the tonic reflex contrasted w ith the well syn chronized potentials seen in clonus, or w ith those evoked, at a latency of 6-7 ms, by small irregularities in the descent of the stretching table (8).
D enny-B row n & Liddell showed that the tonic stretch reflex can be elicited from the spinal cord of the dog chronically isolated below the first or second post-thoracic segments, and after the subsidence of 'spinal shock'. It therefore 'exists fundam entally as a spinal process' and does not require 'the intervention of m edullary or m idbrain centres'. T h e tonic stretch reflex of gastrocnem ius was well m aintained, and could be totally inhibited by stretch of an antagonist muscle, tibialis anterior, as well as by single or repetitive electrical stim uli to an ipsilateral afferent nerve (12).
Liddell collaborated w ith J. M . D. O lm sted in research on the reversible blocking of excitatory and inhibitory reflexes of m. soleus in the decerebrate preparation by local application of dilute alcohol to the sciatic nerve or to its peroneal and popliteal branches separately (15). T hough the m otivation of this work was not made entirely clear in the paper, an interest in the possibility of selective blocking of afferent axons of different provenance in a mixed nerve, to unmask their specific contributions of excitatory and inhibitory reflexes, seems implicit. It was assumed that the alcohol would reduce the frequency at which the narcotized axons could transm it im pulses, so th at the n u m b er arriving at the reflex centre w ithin a given tim e w ould be reduced, and the quantity of central excitatory or inhibitory action reduced also; and that the block in some axons m ight be com plete. In those days of controversy about 'decrem ental' versus 'decrem entless' conduction in a narcotized region of nerve, interpretation was inevitably hazardous and inconclusive. T h e experim ental results, how ever, were clear-cut and repeatable. Reflexes and m otor-nerve responses could be abolished in a few m inutes, and fully restored w ithin a few m inutes of rem oving the alcohol from the nerve. A pplication of alcohol to the popliteal nerve abolished first the tonic stretch reflex of soleus, next its tendon jerk, this being closely followed by failure of the m otor axons (tested by stim ulation proxim al to the block). W hen the alcohol was rem oved these functions were fully restored in the reverse order. W hen the block was applied to the m edial and lateral popliteal nerves sim ultaneously, the o rd er of disappearance was: first, tonic stretch reflex; next, inhibition of the crossed extensor reflex by rapid stretches of soleus's antagonist, tibialis anterior; th ird , inhibition of crossed extensor by stim ulating electrically the proxim al stum p of the com m on peroneal nerve distal to the block. A q u arter of a century later, M atthew s & R ushw orth (1957) proved th at the abolition of the tonic stretch reflex of soleus by local application of procaine to its nerve was due to blocking of fusim otor axons and not of afferent axons. T h e ir discovery was m ade in the O xford laboratory, b u t w ithout prior know l edge of Liddell & O lm sted's experim ents; and they were im pressed when they w ent to show the Professor th eir results and he, in tu rn , showed them the results from 1929.
Flexion, extension and stretch reflexes in the forelimb
D. D enny-B row n collaborated w ith L iddell in experim ents on reflexes of the cat's forelim b (10, 11, 13) . 'N otably few contributions in the literature have dealt w ith fore-lim b. . . . From the closer connection in the intact animal betw een the higher centres of central nervous system and the fore-lim b, it m ight be expected a priori th at the reaction of the fore-lim b in the decerebrate preparation w ould show some points of difference from the hind-lim b, b u t nevertheless points of sim ilarity' (10). T h e characteristic differences betw een flexion and extension reflexes of the hind-lim bs (latent period, d 'em blee opening or recruitm ent, sm o thering of stim ulus rhythm , duration of after-discharge) were ready for use in classifying the reflex responses of forelim b muscles. It became clear that the pattern of concealed central nervous conflicts aroused by stim ulating m ixed afferent nerves was m ore labile in the forelim b than in the hindlim b, and that the preponderant effect of ipsilateral inputs was extension rather than flexion of the limb. Such extension, however, was seen only in the decerebrate and not in the spinal state. D enny-B row n & L iddell began w ith m. supraspinatus, an antigravity muscle that crosses the jo in t betw een the forelim b and pectoral girdle; this is in contrast to the com m only studied hindlim b muscles that act across one or m ore joints w ithin the lim b. Supraspinatus, they dis covered, contains fast pale and slow red m uscle fibres w ith a threefold difference in speed of contraction. In the decerebrate state its tendon-jerk could be elicited by a lengthening of only 8 ftm. T h e jerk could be inhibited by weak single volleys in an ipsilateral nerve preceding the tap by 2 ms; thereafter the jerk was enhanced for about 1 s (11). Confusingly, th eir first experim ents, w ith stronger electrical stim uli to the afferent nerve, had found that repetitive volleys were needed to inhibit the jerk, and th at the inhibitory state built up slowly (10). A genuine physiological inhibitory stim ulus-a few b rief stretches of biceps-inhibited the supraspinatus jerk for 60s, m ore readily in the spinal than in the decerebrate state: a result difficult to reconcile w ith the 'interference th eo ry ' of inhibition. In the decerebrate, m. supraspinatus also showed a tonic stretch reflex, w hich was enhanced by post-brachial section of the spinal cord. T h e stretch reflex could be com pletely inhibited by in ter current repetitive stim ulation of the ipsilateral m edian nerve, in 90-140 ms according to the strength of the shocks (10); stim uli too weak to produce an appreciable intercurrent inhibition of the reflex could prevent its occurrence if delivered before the ram p stretch (11).
A typical crossed extension reflex, resem bling that of m. quadriceps femoris, was usually obtainable by stim ulating afferent nerves in the opposite forelim b. If, however, the decerebrate preparation was de teriorating, or if haem orrhage (presum ed to exert its deleterious effects at 'interneuronic loci' rather than on axons) was induced deliberately, the secondary electrom yographic waves would fail, unm asking the 50 Hz prim ary waves that reflected the stim ulus rhythm . In some experim ents, particularly if a cutaneous nerve in the opposite arm was stim ulated, the crossed extension reflex opened in d 'emblee fashion, the initial peak m erging into a subsequent period of recuitm ent. T h e effect of ipsilateral nerves on the reflex was erratic. 'In favourable preparations' (10), it could be inhibited by strong stim ulation at latency 25 ms, presum ably by an action far dow nstream in the reflex pathw ay (cf. 2, 6). In contrast to m. quadriceps femoris, a single ipsilateral volley could not prevent the crossed extensor response of m. supraspinatus. Even repetitive ipsilateral volleys som etim es failed to inhibit it. A djustm ent of stim ulus strength was apt to expose a 'w avering' betw een excitatory and inhibitory effect.
Ipsilateral excitation of this antigravity muscle was readily revealed by repetitive electrical stim ulation of skin of forepaw or axilla, delivered during a crossed extension reflex: the reflex contraction was increased 60 ms after the onset of the intercurrent excitation. In all these experi m ents, there was plentiful evidence of concealed conflict between excita tion and inhibition. T h u s the inhibitory fraction of an ipsilateral input, if delivered before the onset of an extension reflex, could sometimes suppress the latter com pletely. T h e same input, if delivered intercurrently, could show little or no suppressor effect d u ring its application, b u t be followed by a rebound contraction of the muscle. T h e m ost effective ipsilateral excitatory input was from the m edian nerve at the w rist, or from its branches in the digital clefts. T h is ipsilateral extension reflex was of the recruiting type, engaging about half as m any m otor units as the crossed extensor reflex in the same m uscle. It was inhibited by stim ulating the forearm branch of the m edian, by stretch of m. flexor digitorum profundus, or by stim ulation of the ulnar nerve or its branches in the digital clefts.
M . brachialis anticus was revealed as a typical flexor m uscle, excited by m ost afferent nerves in the same forelim b to give a d 'em blee reflex w ith little after-discharge. Stim ulation of the m edian nerve at the w rist, however, gave a small reflex of recruiting type, w hich was inhibited by stim ulation of another nerve.
M . biceps brachii (which in the cat usually has one head only) crosses shoulder and elbow join t and has com plex actions. A lthough these include flexion at the elbow, the m uscle gave a reflex of crossed extensor type w hen an afferent nerve in the opposite arm was stim ulated, and exhibited a tonic stretch reflex th at could be inhibited by an ipsilateral afferent nerve. T h u s its status in the reflex control of the forelim b is that of an antigravity (rather than a flexor) m uscle, and is related to its action at the shoulder jo in t (13).
Excitatory and inhibitory actions from the cerebellum J. C. Eccles joined D enny-B row n and L iddell in an electrom yographic and m yographic analysis of the well know n inhibitory action of electrical stim ulation of the cerebellar cortex on ipsilateral extensor muscles in the decerebrate cat. T hese experim ents were the first to use such refined recording m ethods in cerebellar research. In some experim ents a double m yograph and double-string galvanom eter were used for sim ultaneous recording of the responses of surgically isolated extensor and flexor muscles: m m . triceps (hum eral heads) and brachialis in forelim b, q u ad riceps and sem itendinosus in hindlim b. P itted against a stretch reflex or crossed extension reflex of quadriceps, an in tercu rren t stim ulation of the cerebellar cortex at 48 H z evoked a slowly recruiting inhibitory response that contrasted w ith the m uch m ore rapidly recruiting inhibition evoked by stim ulation of an ipsilateral afferent nerve. Stim ulation at 8-13 Hz showed the delayed onset of the first detectable reduction in m yographic tension and electrom yographic activity and th eir progressive reduction thereafter. Series of tendon jerks were also useful in following the slowly developing inhibition in response to stim ulation at 48 Hz. As well as a gradual decline in am plitude there was also a gradual lengthening of the electrom yographic 'silent p erio d '. Both indices of inhibition returned rapidly to norm al w hen the cerebellar stim ulation was sw itched off. T h ere was also evidence of concurrent excitation of extensors (postinhibitory rebound, well shown in records from m. supraspinatus). 'O ur observations are then precisely those w hich m ight be observed w ith any peripheral nerve and define the cerebellar cortex in the region w here we have stim ulated as a stru ctu re w here sim ilarly " m ixed" functions are subserved.' T h e sim ultaneous excitatory and inhibitory responses of flexor m uscles are usually reciprocal, b u t may be concatenated. In retrospect, the conclusion th at bifocal stim ulation of the cerebellar surface 'concurrently affects interm ingled nerve units of varying function in the cerebellar cortex', though plausible, m ust be regarded as unproven. T h e stim uli could have spread w idely across the cortex and even down to the cerebellar nuclei. B ut if uninform ative about the intrinsic netw orks of the cerebellar cortex, the experim ents certainly revealed the scope of its possible actions on the hindbrain and spinal cord.
The nature o f 'spinal shock' and 'release'
S herrington (1906) knew that the areflexia of spinal shock was confined to those reflexes m ediated by the segm ents lying caudal to the transection, and th at spinal shock was not due to traum a qua traum a because a second transection, caudal to the first, did not increase its intensity. H e had concluded that it was due to ru p tu re of the spinal tracts descending from the brain, resulting in a 'loosening of nexus betw een the links of the neurone-chain' com posing the reflex arc: 'a defect of transm ission at the synapse'; he thus supported v. M onakow 's suggestion th at 'a diaschizis takes place betw een the conducting cells, his " schaltzellen" failing to perform their norm al function as conducting elem ents'.
From 1930 onw ards L id d ell's m ain research them e was the suprasegmental control of extensor and flexor reflexes by im pulses projected from supraspinal centres along specific descending tracts in the spinal cord. In decerebrate preparations, im pulses descending from the hindbrain were cut off, in the first experim ents, by com plete transection of the cord, and in later experim ents by selective in terruption of tracts descending in different funiculi of the w hite m atter. T hese lesions caused changes in the balance of responsiveness of extensor and flexor m otoneurone pools to standardized testing inputs from the periphery. T h e responsiveness of an extensor pool was m easured by alterations in the knee-jerk and in its susceptibility to inhibition (20); that of a flexor pool by its response to a standardized volley of im pulses in an ipsilateral afferent nerve. These experim ents led to an im proved understanding of the phenom ena of 'spinal shock' (disfacilitation of extensor reflexes) and 'release' (disinhibition of flexor reflexes), and have obvious relevance to spinal injury and disease in m an (57). M ost of them were published in Brain, a journal widely read by clinical neurologists. From 1934, Liddell was a m em ber of the Association of B ritish N eurologists, which was founded as a forum for discussion of com m on problem s by clinical and experim ental neurologists.
T his work had its starting-point in the paper w ith Ballif & F ulton (9) on the differences betw een 'spinal' and 'decerebrate' knee-jerks, exam ined by the com bined m yographic and electrom yographic tech nique. T h e 'spinal je rk ' is m uch m ore readily inhibited than the decerebrate. Its threshold is higher. T h e m uscular contraction lasts two or three tim es longer than that of the decerebrate jerk, w hich is as brief as a m otor-nerve tw itch, b u t is followed by a 'h u m p ' of 'postural after discharge'. T hese differences m ust have been due to different levels of background excitation and inhibition w ithin the spinal cord, and led to the conclusion that 'the higher centres of the nervous system exert a control on the lower spinal centres th ro u g h the constant " play" of im pulses w hich raise or lower (i.e. by inhibition) the threshold of the spinal centres'.
W hen this work was com m unicated to the Royal Society in 1925, 'the late Sir D avid F errier asked w hat descending tracts in the spinal cord were responsible for the differences w hich had been described' (20). Fulton, Liddell & Rioch returned to this question after a five-year interval. 'T h e " higher centres" exert an influence w hich tends to abbreviate the jerk and to protect it from in h ib itio n ' (20). T h e 'centres' that exert this tonic influence in the cat decerebrated acutely at postcollicular level cannot include the red nucleus, and m ust be located caudal to it. T h e plan of experim ent was to discover, in acute experi m ents, w hich quadrant of the spinal w hite m atter contained the descend ing axons that transm it this tonic influence. In terru p tio n of this quadrant should convert the state of decerebrate rigidity into th at of 'spinal shock'. T h e distinguishing criterion was the rate of recovery of the knee jerk from the inhibitory action of a single afferent volley in an ipsilateral nerve. In the decerebrate state, recovery was com plete in 20-30 ms; in the spinal state, inhibition decayed along a curve of recovery lasting 3 s. Sem isection of the cord on the opposite side had no effect on the decerebrate jerk; sem isection on the same side produced the recovery curve characteristic of com plete transection. T h e dorsal tw o-thirds of the cord could be cut through w ithout causing the knee jerk to become 'spinal' on either side. A series of partial lesions established that 'the fibres responsible for the " decerebrate" characteristics of the jerk pass dow nw ards in a medial sector of the ventral quadrant in an area which would include the vestibulospinal pathw ay'. T h e next step was to discover the effect of unilateral destruction of the vestibular nuclei (21). These were exposed by lifting the verm is of the cerebellum and inserting a curved red-hot needle into the lateral m edulla. Some of the cats were decerebrated three weeks after the lesion, when degeneration of the ipsilateral vestibulospinal tract was confirm ed by the M archi m ethod. T h e ipsilateral knee jerk was that of 'spinal shock', and was associated with reduced rigidity and weakened tonic stretch reflex. In other experim ents the vestibular lesion was made at the tim e of decerebration. In these the signs of 'spinal shock' were of greater intensity.
Liddell, M atthes, O ldberg & R uch next exam ined the effects of suprasegm ental lesions on the reflex tw itch of a flexor muscle, tibialis anticus (23, 24). T h ey cut the vestibular nerve, which caused hypotonia on the side of the lesion. A fter decerebration a few days later, the ensuing rigidity was less on th at side, and the threshold of the flexor reflex tw itch was lower than w ould have been m easured in an uncom plicated de cerebrate. (T he opposite side could not be used as a control, because its vestibular nucleus was probably hyperactive, deprived of tonic inhibition from its deafferented fellow.) C utting the vestibular nerve had had two effects: reduction of tonic excitation of extensor m otoneurone pools ('shock') and reduction of tonic inhibition of flexor pools ('release'). T h e spinal tracts th at transm itted the inhibition descending from the hindbrain to the flexor m otoneurone pool were identified in acute experim ents on decerebrates. T h e reflex tw itch was found to be en hanced, that is the flexor m otoneurone pool was found to be 'released', by partial transverse lesions of the spinal cord (24). T h e effect was 'almost entirely' ipsilateral. D orsolateral and ventral lesions were specially effective. In the form er case the pyram idal and rubrospinal tracts could be elim inated, since their axons had already been disconnected from their cells of origin by the decerebration. T h e m ajor additional disconnection by a dorsolateral spinal lesion w ould be the lateral reticulospinal tract, which was therefore probably 'the path by which im pulses descend in the decerebrate preparation to check flexor activity'. T h e ventral lesions would have disconnected vestibulospinal and ventral and medial re ticulospinal axons from their cells of origin in the hindbrain.
So far the experim ents had concentrated on the functional state of the m otoneurone pools in spinal segm ents disconnected acutely from the brain, when extensor reflexes were in the state of 'spinal shock'. T h e next task was to use the new and reliable criteria of spinal shock to explore the changes that take place in the weeks and m onths after the spinal lesion (28, 29) . M arshall Hall in 1833 had described how the 'diastaltic power and phenom ena' were 'restored, the effect of shock having passed away'. (He was the first to use 'shock' in this context.) Liddell (28) revived M un k 's forgotten term 'isolation-alteration' to describe the eventual equilibrium of reflex arcs after their perm anent disconnection from control by the brain. T h e tim e-course of the recovery from spinal shock, and of the establishm ent of isolation-alteration, was plotted, in one series of cats, by dividing the cord (28) and, in another series, by dividing the vestibulospinal tract (29), and examining the knee jerk in animals decerebrated acutely at different times after making the spinal lesions.
T h e 'progressive increase of resistance to inhibition' in the paraplegic animals was followed for up to 60 days, and was found to be 'a constant feature of the state of isolation-alteration which emerges after spinal shock'. It was not due to any failure of the inhibitory volley in the afferent nerve, because two or three volleys inhibited the jerk completely for several seconds (as they do in any decerebrate preparation w ith cord intact). A nother aspect of recovery in the spinal centres was their dim inished dependence on the m uscle's stretch receptors for a back ground of sublim inal excitation: 'the muscle needs to be stretched less to give regular responses, the tendon taps also need to be less heavy'. Some new source of background excitation m ust come into operation. Histological staining of the isolated segments w ith toluidine blue revealed 'severe and universal degeneration of perikarya [of v. M onakow 's '&chalt-zellen'?] in all regions except the ventral horn. T here the num ber of chrom atolysed cells is sm all' (28). In the experim ents on vestibulospinal lesions, the physiological changes, which included recovery of norm al resting reflex tension of the muscle, were com pleted w ithin 200 days. Between 200 and 300 days there was overcom pensation (29). T h e first of these two papers is rem arkable for its m odern discussion of 'the nature of shock' and 'the course of events in isolation-alteration' in term s of the then 'new knowledge of spinal function ' (28, pp. 388-391) . It is a masterly statem ent, almost too pithy to allow precis-w riting and yet too long to quote inextenso. It pictures the m otoneurone w ith the 'a liaison' that supply it w ith synaptic excitation and inhibition, the boutons terminaux applied to its perikaryon and dendrites. Some are the axon term inals of relay cells bringing signals from reflex fields in skin or muscle, others from cortex, m idbrain, vestibule and other supraspinal sources. G rading of excitation depends on the frequency of afferent impulses and on the num ber of boutons throw n into action. 'Areas of depolarization under the boutons' may be 'too tenuous' or 'too dispersed' for 'surface depolarization as a w hole' to reach the threshold for the discharge of impulses by the m otoneurone. T h e sublim inal central excitatory state then decays to its resting value, which is m aintained by the sum m ed effect of 'dispersed points of depolarization forming an unstable background of maculate excitations'. 'On the contrary, when an adequate num ber of boutons receive impulses in sufficient frequency, depolarization of the m otoneurone and its discharge ensue.' T he disch arges, 'once initiated and transm itted to the axon, are new -born nerve im pulses'. O ther boutons 'have the property of inhibiting surface change (central inhibitory state) and of preventing or slowing discharge thereby'. O n the m otoneurones of a pool, each of the various sources of excitation and inhibition 'casts' its subliminal fringe. W hen the pool is cut off from 'the torrent of im pulses' from higher centres, 'fringe effects are reduced, and the background of subthreshold excitation diminishes. . . . T his is " spinal shock," or diaschisis, the passive withdrawal of excitation.' In the early days of isolation-alteration, in cat and dog, the m otoneurones 'can be roused only by strong stim uli' which 'activate m any boutons': nociceptive stim uli or 'phasic stretch reflexes (knee-jerks), but not static (postural) stretch reflexes, since in the latter the stim uli are too asynchronous or too infrequent to elicit discharge'.
An unexpected com plication of the chronic lesions of the ventrolateral funiculus was the appearance of extensor rigidity in the ipsilateral hindlim b, which proved to be due to spreading, by scarring, of the lesion dorsalw ards to involve the dorsolateral funiculus (29). At the term inal decerebration this rigid lim b became flaccid, as w ith uncom plicated lesion of the ventrolateral funiculus. T h e previously norm al limb showed unm itigated decerebrate rigidity. T hese rem arkable and unlooked-for results com pelled the conclusion that the rigidity from the spinal lesion, and decerebrate rigidity, 'have neither a com m on provenance nor closelyrelated source, b u t im press a som ewhat sim ilar pattern of effect on the lower reflex arc'. T hey turned L iddell's attention away from the effects of lesions on the knee jerk to the production of abnorm al states of tonic extensor posture by lesions rostral to the superior colliculi; to the different physiological properties of decerebrate and other types of rigidity; and to the concept that 'release' of overactivity of extensor m otoneurone pools is to be understood as a relative withdrawal of descending inhibition, ju st as spinal shock (the 'physiological enantiom orph' of release (36)) is a relative w ithdraw al of excitation descending from suprasegm ental levels. Liddell cited H ughlings Jackson's principle that negative states of nervous centres cannot be the cause of positive sym ptom s, though they perm it their appearance. Positive sym ptom s would be due to overactivity of m otoneurone pools released from descending inhibition. These release effects would be due to ablation of the cells of origin of descending inhibitory pathways. Such rostrally originating pathways would be ruptured by bilateral decerebra tion as well as by lesions of the cord. 'But removal by decerebration of such limb rigidity has not often been described in the literature' (29).
T h e first experim ent was to make prim ary dorsolateral lesions u n complicated by ventrolateral involvement; to determ ine their effects on extensor posture of the ipsilateral hindlim b when, with subsidence of oedema and other post-operative disturbances, these had become stabilized; and to define the further effect of term inal acute decerebration at different rostrocaudal levels (35).
By the fifth day the cats were beginning to walk, and w ithin two weeks they were running, jum ping and climbing normally. Extensor hypertonia was not evident in the ipsilateral hindlim b, when this was dominated by the normal postural and locomotor patterns. It could only be unmasked when these patterns were in abeyance, when the cat was 'nursed on one's knee, its trunk supported more or less vertically, its limbs protruded and partly hanging . . . when the cat is at rest, with its attention gently abstracted (35) by pettin g ' (29). T h e affected limb was then seen to be extended at hip, knee and ankle. T h e force needed to flex it was m easured by a spring dynam om eter pressed against the footpads at the same rate at each trial. Positive flexion required 2.0 kg or m ore in cats weighing 2.0-2.5 kg; the control hindlim b required 1.0 kg or less. 'T h e rigidity lasts to the very end of the flexion m ovem ent and there is no clasp-knife collapse as in decerebrate rigidity.' T h e flexion reflex in response to pinching the toes was delayed, and there was 'dim inished ability volun tarily to flex the limb w hen struggling'.
T erm inal decerebration was perform ed at three levels. At the m ost rostral there was com plete decortication that spared m ost of the globus pallidus and anterior com m issure. Function up to this level required release of the occluded carotid arteries; their re-occlusion made the functional level m ore caudal. T h e state of the hindlim bs was com pared. Classical decerebrate rigidity does not develop in such preparations. T h e ir instability and fragility is well known, and w ithout L iddell's great skill and experience no results would have been achieved. In favourable preparations he was able to show that the rigidity rem ained greater in the previously rigid hindlim b than in the control hindlim b. So the extensor m otoneurone pools, chronically released by the dorsolateral cord lesion from inhibitory control by the forebrain and m idbrain, showed neither reduction nor increase in the release as the result of the second transection of the same pathw ay at a level rostral to the spinal lesion. No change would indeed be expected if 'corticospinal paths, already severed by the spinal lesion, are now severed again, at the higher level' (35).
T h e second experim ent was to make lesions of the m otor cortex instead of the spinal cord (36). These caused a sim ilar release of extensor posture, revealed by the special m ethods of exam ination described in the com panion paper (35). U nder favourable conditions, term inal decerebration, w hether rostral, precollicular or intercollicular, left the previously rigid limb still more rigid than that on the control side. T h u s the 'later acute release from decerebration may have added to it the earlier chronic release from the cortical lesion'. Subsequent transection of the pathway at levels caudal to the cortical lesion need not change the quantity of extensor posture released by that lesion. In 'release', therefore, as in 'shock', a second transection of the same pathw ay need not add signifi cantly to the effect of the first.
Extensor hypertonia not of clasp-knife type was also released in cats by electrolytic lesions of the basal ganglia (38) and by pyram idal section (39). T h a t the release in the form er was not due to accidental injury to axons travelling in the pyram idal tracts was confirmed by making striopallidal lesions in animals w ith long-established lesions of the m edullary pyra mids. These released additional extensor posture, thereby proving that such release was a genuine effect of striopallidal lesion per se (40). Because there has been subsequent controversy about the release of hypertonia by pure pyram idal lesions in the cat, it is necessary to reiterate that no hypertonia is evident unless the animals are carefully examined by the special m ethods introduced by Langw orthy in 1928 and further de veloped by Liddell (29, 35) .
F or m ajor neurosurgical operations, general anaesthesia induced and m aintained by intraperitoneal injection of Dial was shown to have very great advantages over inhalation of ether (19, 22, 25) . Liddell later used N em butal in preference to Dial for chronic surgical experim ents (28, 29, 35, 36, 38, 39, 40) . H e also found N em butal in sub-anaesthetic doses useful as a producer of m ild extensor rigidity ('a sort of pharmacological decerebration'), in which differences betw een the tonus of the hindlim bs and qualitative alterations in the knee jerks (recorded semi-isotonically from the intact limbs) could be followed during the weeks that intervened betw een the making of chronic spinal lesions and the term inal exam ina tion under surgical decerebration (29).
Cerebral cortex and spinal cord
A fter W orld W ar II, L iddell's tim e for research was curtailed by other and inescapable duties. H is junior neurophysiological colleagues, led by D avid W hitteridge and guided by A. H . S. H olbourn, were busily collecting electronic com ponents from m ilitary dum ps and learning to assemble them into new electronic netw orks for stim ulating, and record ing electrical potentials from , the central and peripheral nervous systems, receptor organs and muscle. Liddell gave as m uch tim e to research as his other responsibilities allowed. N ot only did he take part in experim ents, contributing, from his im m ense practical experience of mammalian neurophysiology, to their success; he also pu t on offer his infallible judgem ent of when, where and in what form to discuss and publish the results. H is collaboration played an essential part in a combined electrom yographic and m yographic analysis of the actions of different patterns of rectangular current pulses on the m otor cortex of cats (42) and baboons (48) and in the discovery that the spinal m otoneurons of the baboon's thum b, index finger and big toe are preferentially accessible to cortical stim ulation (44) (45) (46) . H e was pleased by the appreciative com m ents that he received from colleagues at home and abroad, and he developed some of these them es in published lectures and reviews (53) (54) (55) 59 ). Physiology and was obliged to move to M agdalen; bu t he w ent on tutoring the T rin ity m en until his successor arrived in 1946. His College pupils always held him in respectful awe. Several became em inent in research and medical practice. T hose who seemed uninterested in physiology were allowed to read essays lasting up to 55 m inutes, and in the rem aining 5 m inutes he would propose the subject for the following week; but those who did show an interest, and acted on the assum ption that his form idable reserve was possibly due to shyness, were rew arded w ith stim ulating discussion and lifelong friendship. In elem entary prac tical classes in the laboratory he taught in m ost areas of physiology. His influence was greatest in the advanced practical classes in m ammalian physiology; he had collaborated w ith Sherrington in the new edition of the class manual (16), and after the move into the new laboratory in 1953 he continued, as Professor, to direct this unique third-year course, which was taken by every medical undergraduate, giving glimpses of his superlative surgical skill and dem anding, as always, the best work of which the students were capable. His elem entary lectures were delivered w ithout overt enthusiasm , b u t were critical as well as informative. A story current in the early 1940s told of three clinical students at one of the London hospitals com paring their preclinical experiences, one from Cam bridge, one from L ondon and the th ird from Oxford. T h e C am bridge and London people gave the num ber of physiology lectures they had been compelled to attend. T h en they tu rn ed to the Oxford man. He declared that the Professor of Physiology had been his T u to r and had advised against attending his lectures; so he had not been to any. T h e few who stayed for his advanced lectures were apt to find, when re-reading their notes, that his reviews of the state of research in neurophysiology had been up to the m inute, and his laconic com m ents ahead of their time.
At T rin ity he was Stew ard of Com m on Room, and was happy in his friendships, particularly with C. N . H inshelw ood, R. A. Peters and Ronald Syme. He used to buy wine from G erm any and bottle it himself, at considerable saving to the Fellows. His urgent insistence on the proper preparation of corks im pressed itself deeply on the mem ory of his assistant in the cellar. Hinshelwood often recalled an occasion when Liddell had complained of the staleness of the salmon. 'Fresh salmon has sea-lice crawling on it. Eyles [the chef] never saw a sea-louse in his life'. T h e Bursar was seen to be making a note of 'sea-lice'. H inshelwood, who told me this story, was probably responsible for enunciating L iddell's Law: 'No asparagus unless the B ursar is dining'.
T o join him as a research student at the end of the 1930s was to be surprised by qualities one had never perceived as an undergraduate. He treated everyone, however junior, as a colleague and an equal. At the small tea-club in the laboratory library, then shared with R. A. Peters and the handful of other biochem ists, he would not only talk physiology, but would reveal a detailed knowledge of a variety of surprising subjects. T hings were difficult in the Laboratory throughout the war. A shortened preclinical course had to be taught w ith the help of the very few dem onstrators who rem ained in O xford. T h ere was a tem porary influx of students evacuated from St T h o m as's H ospital M edical School. Liddell had by this tim e taken on m any responsibilities outside the Laboratory: Editorial Board of th e Journal o f Physiology ; C om m ittee Physiological Society (1940-44 and 1946-50) ; the H ebdom adal Council ; the G eneral Board of the Faculties ; and the C urators of the Bodleian L ibrary . He was V ice-Chairm an (1942) and then C hairm an All these activities helped him to m aintain special vigilance where the future interests of the L aboratory and of the subject were concerned. H e also found tim e to read the m anuscript of Ragnar G ra n it's Sensory mechanisms o f the retina (1947) and 'took a great deal of care in preparing it for publication and m ediating contact w ith the Publisher when com m unications w ith E ngland were not very easy'.
W hen the w ar ended the old L aboratory was sim ply overwhelm ed by the resum ption of H onours work for larger num bers of undergraduates than before. N ot only the classrooms, b u t also the totally inadequate accom m odation for m am m als, became overcrow ded. 'In 1946,' Liddell w rote in 1974, in an addendum to his Personal Record, 'I was the victim of a w orrying episode concerning anim al w elfare.' Sherrington, in the late 1920s, had asked the U niversity to provide proper accom m odation for mam m als in the country, b u t the H ebdom adal Council had turned down his application. In 1946 there was an outbreak of cat distem per. 'I had treated the animals w ith a drug for the alleviation of secondary infection, b u t had, of course, no rem edy for the viral infection.' Eventually 'the room was invaded by an employee of the R .S.P.C .A . In result, I suffered prosecution for " cruelty to anim als" . A fter conviction and a subsequent appeal, I was blam ed for " overcrow ding" and fined . In sequel, the secretary who worked for me became, later on, an employee of the R .S.P.C .A . in another part of E ngland.' T h roug h o u t the protracted legal proceedings, and the three m onths that intervened between conviction and appeal, L iddell's steady nerve excited the w holehearted adm iration of his colleagues. T h e U niversity now felt able to provide money for adequate accommodation for animals in the country, and this was designed by Liddell in consultation w ith expert veterinarians, and constructed under his supervision.
Since 1940 he had been engaged in the detailed planning of a new and adequate Laboratory. His predecessor, John M ellanby (Waynflete P ro fessor , had already made advanced arrangem ents for a building similar to the one now in use. L iddell's room was at all times spread with architect's drawings of which he had m astered every detail: location of service points in every room, which ways the doors opened, and so on. He was able, from his wide experience and knowledge, to challenge, as was often necessary, the proposals of architects and contractors. W ork on the new site began in 1948 and was com pleted in tim e for the start of M ichaelmas T erm 1953. T h e move from the old laboratory went w ithout a hitch, and with m inim al disruption of work, thanks to his detailed consultations w ith his colleagues throughout the five years. T h eir gratitude is m arked by a pithy Latin inscription on the main staircase, composed at their request by the Public O rator, T . F. H igham , L iddell's colleague at T rin ity and also his brother-in-law . An illustrated de scription of the building was published in N ature (Anon. 1953) . 'Few buildings made by hum an hands are perfect,' w rote Liddell in an article, to m ark the com pletion of the new building, 'least of all a laboratory, but every new one should be better than the last one. T h e new laboratory for physiology is better than the old one . . . its future is full of prom ise, and the subject is yet young.' W ritten for undergraduates, this article (54) traces, with a delicacy of touch which makes light of its erudition, the vicissitudes of Physiology in O xford from Boyle, W ren and Willis through Acland to the building of the old and new Laboratories.
As the end of the war came in sight Liddell was presiding over the appointm ents of new people to enlarge the academic staff. M ore im port ant than the building-im portant though that was-was the favourable atm osphere he created for teaching and research, and the excellent facilities he obtained for his junior colleagues. He let them feel free to develop their individual talents in their own way. But he was always available for help and advice, and ready to intervene if he thought fit. On hearing of some slight m isunderstanding between two of his junior colleagues he said 'no films of ice in the lab', and brought the parties faceto-face forthw ith. He could somehow materialize in your room to say that there was a little money which needed spending, and disappear as quietly as he had come. His wisdom showed itself in many ways. An inexperienced editor once asked him to read a paper that had been subm itted to the Journal of Physiology bu t which, it seemed, deserved rejection. 'You aren't going to reject it, are you?' he asked. 'T h at would be like telling someone that their baby is deformed. I never rejected a paper-but I had a great many w ithdraw n for further consideration.' His chairm anship of the Board of the Faculty of M edicine was marked by meetings of unprecedented brevity, yet w ithout any im portant discussion getting skimped.
T h e respect and affection in which his colleagues held him contrasted strongly with the evident indifference w ith which most undergraduates reacted towards him. No doubt they were unim pressed by his total lack of showmanship. He, for his part, had been deeply hurt by the very poor undergraduate response to a course of advanced lectures on physiological m ethods over w hich he had taken special trouble, and had, perhaps, been discouraged from fu rth er effort by this experience. B ut he spent m any hours in cataloguing the very valuable collection of lantern slides th at came across from the old L aboratory, and the additions to it w hich were m ade for his ow n lectures and those of others after the m ove in 1953.
As C hairm an of the local organizing com m ittee of the Seventeenth In tern atio nal C ongress of Physiologists, L iddell w orked steadily over the three years of p reparation for th at C ongress, w hich was held in O xford in July 1947 (F enn 1968) . As Professor of Physiology in the host university it w ould have been norm al for him to be P resident of the Congress, b u t w ith characteristic self-effacem ent he stood aside in favour of Sir H enry Dale. T h e C ongress was a m em orable one, at w hich scientists who had been confined w ithin national boundaries since 1939 could refresh old friendships and make new ones. Postw ar catering problem s were som e how surm ounted, and food and accom m odation reserved for a R ussian delegation w hose n um bers were unknow n and whose appearance u n certain, for there had been no response to any of the approaches of the organizing com m ittee. A delegation did, how ever, appear at the very last m om ent.
S h errington died in 1952. 'W hen he felt his days n u m b e re d ,' w rote L iddell, who had visited him regularly, he 'said repeatedly and w ith great earnestness th at he hoped no one w ould w rite his bio g rap h y ' (60) . O f the form al M em oirs w ritten at the tim e of his death, L id d ell's, in the present series, is the acknow ledged m asterpiece (49). R especting his wishes, L id d ell's m ore extended hom age took an original form . In the last years of his Professorship he com piled his rem arkable book The discovery of reflexes (60) , in w hich, w ith the insights of a practising neuroscientist harnessed to a scholarship equally at ease w ith F rench, G erm an and eig h teen th-century L atin, he outlined the slow grow th of knowledge and ideas about the nervous system up to the tim e w hen Sherrington began to publish in 1884. In this way he could set in relief the veritably H arveian revolution w hich S herrington had bro u g h t about. Starting w ith 'T h e nerve cell and the m icroscope' he w ent on to 'A nim al electricity' and then to 'E xperim ental approaches': those of Bell, M agendie, M arshall Hall, G rainger, B row n-Sequard, Pfluger, B ernard and V ulpian. T h e final chapter, 'Sherrington and his tim es', brings the story up to 1900. N ot only the text, b u t also the biographical appendix w ith its m any fascinat ing and curious sidelights, make delightful reading. T h e tone of the book is set by a prefatory quotation from Vulpian: 'N e soyons done pas trop louangeurs des siecles passes, notre tem ps a ete l'un des plus heureusem ent feconds'.
R e t i r e m e n t
T h o u g h the retiring age had been raised from 65 to 67, Liddell chose to retire at the younger age, after 20 years in the C hair. H is only sabbatical year was taken during his last year of office, travelling round the world w ith M rs Liddell to visit old friends. H is letter of resignation was posted as they boarded the ship. In the L aboratory only the A dm inistrator had been told in advance-and pledged to secrecy.
Liddell w ithdrew from physiology alm ost com pletely. In 1972 he w rote a new preface for Reflex activity of the spinal , which was reprinted on the initiative of D r D . P. C. Lloyd of the Rockefeller U niversity, who contributed an appendix of annotations and references to later work. As an undergraduate in the 1930s, Lloyd had been L iddell's pupil at T rin ity before going on to J. C. Eccles as a D .Phil. student. In 1975 Liddell appeared at C ongregation for the award of the Osier M em orial M edal, given 'once in every five years to the O xford medical graduate who, in the opinion of the Board of A w arders, has made the m ost valuable contribution to the Science, A rt or L iterature of M edicine'. T h e award surprised him . 'W hat can have been the cause? T h e only oddish thing that I have produced was the little history bookand I was rather driven to that by the feeling that transatlantic authors were sometimes out of their depth in 17th century L a tin .' In the same year his O xford colleagues and their wives gave an 80th birthday dinner for the Liddells in the Hall of T rin ity College. H e spoke of his tim e at Oxford, and Professor D enny-B row n, who had come over from H arvard specially for the occasion, spoke w arm ly of his leadership in the laboratory in the 1920s and the debt that the overseas visitors owed him.
He and Joan Liddell w ent on living in th eir lovely house in H eadington, enjoying the unfolding lives of their children and grand children, the visits of friends from B ritain and overseas, and the gardening, which they had shared since th eir m arriage. (F .R .H .S . was his recreation in W ho's Who). G w eneth and D avid W hitteridge gave a second 80th birthday party for them on Jo an 's birthday. In his eighties Liddell survived a m ajor operation and its com plications, and was able to return home, b u t life gradually became m ore difficult, w ith the large house and garden for M rs Liddell to cope w ith on top of his advancing invalidism. T hey also had to bear the tragic loss of their youngest son in a flying accident. She kept the household going, w ith the support of the family and other helpers, for longer than w ould have been possible for anyone w ith less robust health and strength of purpose. So he was fortunate in having to spend a few m onths only in hospital and nursing home in peaceful decline. He died suddenly on 17 A ugust 1981 in his 87th year. Sir James M ackenzie's prognosis had been correct: his heart had lasted him as long as he needed it.
I am m ost grateful to M rs Liddell for giving me many of P ro fessor L iddell's papers, and to D r G. G ordon, Professor R. G ranit, F or.M em .R .S ., D r P. B. C. M atthew s, F.R .S ., and Professor D. W hitteridge, F.R .S ., for their constructive com m ents on the first draft of this m em oir, which have helped me greatly in rew riting it. 
